We introduce the approach of fluorescence double resonance optical pumping, demonstrate its superior contrast compare with the conventional double resonance optical pumping, and use it for locking at telecom wavelength in mm scale vapor cell.
Introduction
Laser spectroscopy employing a miniaturized vapor cell is attracting growing attention for its potential applications such as a compact frequency standard, laser cooling, magnetometry, and optical isolation. In order to obtain a highly spectrally resolved transition from one excited state to another, various optical pumping methods, such as the Optical-Optical Double Resonance (OODR) technique, have been successfully used. Recently, Moon et al. used the Double Resonance Optical Pumping (DROP) technique to observe a well-resolved spectrum with a high Signal-toNoise Ratio (SNR) in the transition between excited states [1] . In spite of the fact that DROP offers a high SNR as compared to OODR, the results demonstrated so far were based on vapor spectroscopy in relatively large (centimeter scale) cells. In fact, in a miniaturized cell, it is still very challenging to observe DROP signal, because being based on absorption, the DROP signals is masked by a strong background. This is in contrast to the fluorescence signal, which potentially offers lower background level. Herby, we take advantage of this property and introduce for the first time a spectroscopic method coined Fluorescence Double Resonance Optical Pumping (FDROP) that can improve the contrast compared with the DROP approach. We perform comparison between DROP and FDROP for different power levels of the coupling laser, and prove theoretically and experimentally that indeed the contrast obtained with FDROP is superior and thus can be used for laser spectroscopy in miniaturized cells [2] . Finally, we utilize this approach for the purpose of frequency stabilization of a laser diode at telecom wavelength to the hyperfine structure of the 4D5/2 transition in a Rubidium (Rb) filled mm size cell.
Results
The schematic for experimental setup and the photograph of used mm size Rb cell are shown in Fig. 1 (a) & 1(b) respectively. In short, two laser beams, the probe laser (L1) and coupling laser (L2), are counter-propagating through a Rb vapor cell. The transmission of the L1 laser is measured in order to obtain the DROP spectra whereas the fluorescence from the 5P3/2 levels is collected as the FDROP spectra. An experimental comparison between the FDROP and the DROP signal collected from a miniaturized (mm scale) Rb hot vapor cell at room temperature and at a higher temperature of 70 is shown in Fig. 1(c-d) . As can be seen the DROP signal cannot be observed while the FDROP transition is easily traceable. This is mainly due to the fact that the DROP spectra suffer from additional background coming from the probe laser. Indeed, it has been shown [3] that under conditions of low temperatures and coupling powers, the optical pumping efficiency is limited and therefore it is fairly challenging to observe the DROP spectra. In contrast, the FDROP signal is based on collecting the fluorescence which is not affected by the probe background.
Next, we study the nonlinear properties of the FDROP and DROP signal by varying the coupling laser power. Fig.  2(a) shows the FDROP spectrum for the mm scale vapor cell for different coupling powers. In all cases, one can observe a clear signature of the fluorescence signal, even at a coupling power as low as 50 W. Interestingly, the contrast is first increasing with the coupling laser power, while further increase in power results in a contrast reduction, which, is in line with simulation results. Additionally, we observe a slight broadening with the increase in coupling power, that is attributed to the effect of power broadening. Fig 2(b) shows the DROP spectrum for the same cell. As can be seen, higher coupling power (~ 0.4 mW) is needed in order to observe the signal. Evidently, at lower power levels, the optical pumping mot sufficiently efficient and the DROP spectrum is masked by the background. For both the FDROP and DROP spectra, the temperature was set to around 70º in order to achieve sufficient optical density in our mm size cell. Following the demonstration of spectroscopic signal, we took advantage of the superior contrast of the FDROP approach to demonstrate frequency stabilization in mm size cells at the telecom regime. As a reference, a tunable laser at telecom wavelength (HP 81682A) is stabilized to the 5P3/2 -4D5/2 reference cell which results in a narrow DROP line of ~6 MHz [2] . A similar tunable laser is locked to the mm size cell, using an FDROP signal. The level of instability is evaluated by beating the two tunable lasers at 1.5 m. The beat measurement is conducted with a fast photo detector (Agilent 11982A) followed by a high frequency counter (Agilent 53181A), having a frequency uncertainty floor level of 1 KHz, significantly beyond the precision needed for our experiment. In parallel, we lock a 780 nm laser (Toptica DL pro) to a standard Rb cell (7.5 cm long) using SAS technique. The measurements were analyzed by an Allan deviation produced from Stable32 software. The obtained results are presented in Fig. 2(c) . By observing the obtained Allan deviation, one can learn that we were able to stabilize a telecom band laser using our mm size cell to the level of 9 × 10 -10 at around 1000 seconds (blue line). Such stability is more than an order of magnitude better than the stability of our free running laser.
Summary
We have introduced the FDROP approach and demonstrated the advantages of fluorescence detection of the probe beam as compared to the absorption detection of the probe beam in the more conventional DROP scheme. Relying on the superior contrast, we used this approach to stabilize the frequency of a laser to the hyperfine structure of the 5P3/2-4D5/2 transition. By beating the stabilized laser to another stabilized laser, we obtained frequency instability floor of 9 × 10 -10 at around 1000 seconds in terms of Allan deviation. Stabilized telecom sources may play an important role in diverse fields such as communication and metrology. The detailed comparison of FDROP and DROP approach, along with numerical simulations and more experimental results will be presented in the talk.
